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Abstract 
The Drosophila immune response is characterized by the rapid and robust production of a battery 
of antimicrobial peptides immediately following infection. The genes encoding these antimicrobial 
peptides are controlled by two NF-κB signaling pathways that respond to microbial infection. The IMD 
pathway is triggered by DAP-type peptidoglycan, from the cell wall of most Gram-negative and certain 
Gram-positive bacteria, and activates the NF-κB precursor protein Relish. The Toll pathway, on the 
other hand, is stimulated by lysine-type peptidoglycan from many Gram-positive bacteria, β 1,3 
glucans from many fungi, as well as by microbial proteases. Toll signaling leads to the activation and 
nuclear translocation of DIF or Dorsal, two other NF-κB homologs. This review presents our current 
understanding of the molecular mechanisms involved in microbial recognition and signal transduction 
in these two innate immune pathways. 
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Overview of Drosophila Immunity 
 
Insects, such as Drosophila, thrive in microbe-
rich environments. Not surprisingly, they have 
evolved complex mechanisms to combat microbial 
infection. These defenses include structural barriers 
to infection, such as the cuticle and peritrophic 
membrane. Insects also rely on inducible responses 
such as phagocytosis, the production of 
antimicrobial compounds, and homeostatic 
mechanisms that help repair the damage caused by 
infection (Lemaitre and Hoffmann, 2007). Together, 
these defense mechanisms allow insects to be 
broadly resistant to a large range of pathogens 
without an acquired immune response. 
The inducible humoral insect immune response 
has been most widely studied in the favorite model 
system Drosophila melanogaster, where microbial 
challenge leads to the rapid and robust production 
of a battery of antimicrobial peptides (AMPs). 
Several families of AMPs have been described in 
Drosophila, with antifungal and anti-bacterial (both 
anti-Gram-negative or anti-Gram-positive) activities. 
Some of these AMPs appear to be unique to 
insects, e.g., Diptericin, while others have homologs 
in mammals, e.g., Defensins, Cecropins and 
Drosomycin (Lee et al., 1989; Simon et al., 2008). 
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As best we know, production of AMPs is 
regulated at the transcriptional level. To date, nearly 
all AMP genes have been found to be controlled by 
NF-κB family transcription factors. Drosophila have 
two distinct pathways which activate NF-κB factors 
and drive transcription of AMP genes following 
infection. The Toll pathway responds to several 
different types of microbes, including fungi and 
many Gram-positive bacteria, and leads to the 
activation of the NF-κB family members DIF and 
Dorsal. On the other hand, the IMD pathway is 
activated by Gram-negative and certain types of 
Gram-positive bacteria and leads to the activation of 
the NF-κB precursor Relish. The details of the how 
different microbes are detected and discriminated by 
these two pathways is the main focus of this review. 
First, the basic outline of these two signaling 
pathways will be summarized. 
 
Toll and IMD Signaling 
 
As mentioned above, the Toll pathway is able to 
activate two NF-κB homologs, DIF and Dorsal. Both 
of these proteins are similar to mammalian p65, and 
are held in the cytoplasm of unstimulated cells by 
the Drosophila IκB homolog Cactus. Like 
mammalian IκBs, Cactus is phosphorylated and 
degraded upon stimulation (Fernandez et al., 2001). 
One outstanding question within this pathway is the 
identity of the Cactus kinase. To date, only the 
kinase Pelle, homologous to the mammalian IRAK 
family of kinases, has been shown to function in the 
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Figure 1 Toll signaling pathway. The Toll signaling pathway and its multiple modes of activation in the Drosophila 
immune response. Three distinct mechanisms for microbial recognition, leading to the cleavage of Spätzle and 
activation of Toll, are illustrated. The mechanisms include peptidoglycan detection, by PGRP-SA, PGRP-SD and 
GNBP1, β-glucan detection through GNBP3, and protease activity sensing via the serine protease Persephone. 
All these detection modalities lead to the activation of the Spätzle processing enzyme (SPE) which converts this 
cytokine into its active form, for binding and activating Toll. The intracellular signal transduction downstream of 
Toll is very similar to the MyD88-dependent pathway, which functions downstream of most mammalian TLRs. The 
key features of this pathway include a trimeric receptor associated complex, containing MyD88, Tube and Pelle, 
which ultimately lead to the phosphorylation and degradation of the IκB homology Cactus and the nuclear 
translocation of NF-κB homologs Dif and Dorsal. 
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Toll pathway. In mammals, IRAK kinases are 
indirectly involved in the phosphorylation of IκBs, 
being required for the initiation of a kinase cascade 
that culminates in the activation of the IκB kinase 
(IKK) complex, which directly phosphorylates IκBα 
(Skaug et al., 2009). In flies, a similar kinase 
cascade may be involved, although the components 
are not yet identified. Alternatively, it remains 
possible that Pelle directly phosphorylates Cactus 
on the residues necessary for its degradation. This 
issue remains unresolved. 
It is clear that Pelle is a component of a trimeric 
complex that associates with the active form of the 
transmembrane receptor Toll. Like all the 
mammalian Toll-like Receptors and the mammalian 
IL-1 Receptor, the cytoplasmic domain of Drosophila 
Toll contains a TIR domain. This TIR domain 
interacts with the Drosophila MyD88 homolog via a 
homotypic TIR:TIR interaction (Tauszig-Delamasure 
et al., 2002; Charatsi et al., 2003; Kambris et al., 
2003). MyD88 also contains a Death domain (DD), 
which interacts with the protein Tube. Through its 
other face, the Tube DD also interacts with Pelle 
(Towb et al., 1998; Sun et al., 2002; Sun et al., 
2004). This trimeric MyD88/Tube/Pelle complex is 
thought to interact transiently with the cytosolic TIR 
domain of Toll. This association likely leads to the 
auto-phosphorylation and activation of Pelle, which 
in turn leads, directly or indirectly, to the 
phosphorylation of Cactus.  
Once Cactus is degraded, the NF-κB factors 
DIF and Dorsal translocate to the nucleus where 
they control the transcription of target genes. In the 
adult fly, DIF is critical for the activation of AMP 
gene transcription (Meng et al., 1999; Rutschmann 
et al., 2000a; De Gregorio et al., 2001, 2002; Irving 
et al., 2001). In larvae, redundancy is observed 
between DIF and dorsal, and only a double mutant 
fails to induce AMP genes. In addition to controlling 
AMP gene expression, DIF and dorsal together also 
seem to regulate the survival of hemocytes in larvae 
(Qiu et al., 1998; Matova and Anderson, 2006). 
Dorsal (and much of the rest of the Toll pathway) 
also plays a critical role in early embryonic 
development, in patterning the dorso-ventral axis. 
During development, phosphorylaztion of Dorsal is 
linked to enhanced nuclear localization and 
transcriptional activation (Drier et al., 1999, 2000). 
DIF is not required in development but can partially 
substitute for Dorsal in this process when expressed 
in the embryo (Stein et al., 1998). The role of 
phosphorylation of DIF, in the context of the immune 
response, has not been examined (for an overview 
of the Toll signaling pathway, see Fig. 1). 
The IMD pathway culminates in the activation of 
a third NF-κB homolog, known as Relish. Like the 
mammalian NF-κB precursor proteins p100 or p105, 
Relish contains an N-terminal Rel Homology 
Domain and C-terminal IκB-like ankyrin repeats. In 
unstimulated cells, the C-terminal IκB-like domain is 
believed to hold full length Relish in the cytoplasm 
(Stöven et al., 2000). After immune stimulation 
Relish is endoproteolytically cleaved, and the N-
terminal transcription factor module translocates into 
the nucleus while the C-terminal IκB-like domain 
remains in the cytoplasm. In addition to this 
proteolytic cleavage, full activation of Relish also 
requires phosphorylation on two residues, serines 
528 and 529, (Erturk-Hasdemir et al., 2009). This 
phosphorylation is not required for Relish cleavage, 
but instead seems to be crucial for the 
transcriptional activation of some Relish target 
genes. Another protein, known as Akirin, also 
functions in the nucleus for the induction of AMP 
gene expression, but how it interacts with Relish, if 
at all, is unclear (Goto et al., 2008). 
Relish cleavage and phosphorylation are 
controlled by two interconnected branches of the 
IMD signaling pathway. Serines 528 and 529 are 
directly phosphorylated by the Drosophila IKK 
complex. This kinase complex includes Drosophila 
IKKβ and IKKγ homologs, also known as IRD5 and 
Kenny, respectively (Rutschmann et al., 2000b; 
Silverman et al., 2000; Lu et al., 2001). IKK 
activation, in turn, requires the MAP3K TAK1 and its 
binding partner TAB2. Interestingly, both TAB2 and 
IKKγ include conserved K63-polyubiquitin binding 
domains. These non-degratory ubiquitin chains are 
thought to function in the IMD pathway, however the 
exact molecular mechanisms involved are not yet 
clear (Zhou et al., 2005). The putative E3 ubiquitin 
ligase DIAP2 is also required in the IMD pathway 
and may promote K63-chain formation (Kleino et al., 
2005; Leulier et al., 2006; Huh et al., 2007). Further 
upstream, kinase activation also requires the imd 
protein, the Drosophila FADD homolog, and the 
caspase-8 like DREDD (Leulier et al., 2000; Georgel 
et al., 2001; Leulier et al., 2002; Naitza et al., 2002). 
These three proteins may form a trimeric complex 
as FADD can interact with both IMD and DREDD. 
How this complex signals the activation of TAK1 is 
still under investigation. In addition to a poorly 
defined role in the activation of TAK1, DREDD is 
also required for the cleavage of Relish. 
Interestingly, the IKK complex is also required for 
Relish cleavage, but its kinase activity is not 
involved in this function (Stöven et al., 2003; Erturk-
Hasdemir et al., 2009). Instead, the IKK complex 
may function as a scaffold facilitating the cleavage 
of Relish by DREDD (for an overview of the IMD 
signaling pathway, see Fig. 2). 
In addition to playing a key role in activation of 
the IKK complex and Relish, TAK1 also activates 
Drosophila JNK signaling through Hemipterous 
(MKK7) and Basket (JNK) (Sluss et al., 1996; 
Holland et al., 1997; Chen et al., 2002). Thus, 
TAK1 plays a crucial role at the nexus of JNK and 
NF-κB signaling in this innate immune signaling 
pathway. NF-κB (Relish) plays a critical role in the 
induction of AMP genes; without Relish, no AMP 
gene expression is detected. However, the role of 
the JNK pathway in AMP regulation remains 
controversial. Several reports have argued that 
JNK signaling actually down-modulates AMP gene 
expression (Kim et al., 2005, 2007), while another 
report has argued that JNK signaling is required for 
AMP induction (Delaney et al., 2006). More studies 
are required to resolve these conflicting 
conclusions. In addition to the possible inhibitory 
activity of JNK on NF-κB-responsive AMP 
expression, the Relish branch of the pathway also 
seems to generate an inhibitor of JNK signaling 
(Park et al., 2004). The mechanism by which 
Relish-induced  gene products  interfere with JNK 
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Figure 2 IMD signaling pathway. This pathway is preferentially triggered by DAP-type peptidoglycan, common to 
Gram-negative bacteria and certain Gram-positives, especially Bacillus spp. DAP-type peptidoglycan can be 
recognized by different receptors, depending on its location and size. Large insoluble peptidoglycan is recognized 
on the cell surface by PGRP-LCx, while smaller peptidoglycan fragments, like TCT, can be recognized at the cell 
surface by a ligand-induced dimer of PGRP-LCx and PGRP-LCa. In addition, DAP-type peptidoglycan that 
reaches the cytosol can trigger another receptor, PGRP-LE. Both PGRP-LC and PGRP-LE trigger a similar 
intracellular signal transduction pathway, as outlined here, that culminates in the activation of the NF-κB precursor 
Relish. In addition, recognition of intracellular DAP-type peptidoglycan by PGRP-LE also triggers an autophagic 
response, which is important in the protection against intracellular bacteria. 
 
 
 
 
 
signaling has been suggested to involve the 
ubiquitin E3 ligase POSH. POSH is thought to target 
TAK1 for degradation (Tsuda et al., 2005), however 
it is not clear how this would preferentially inhibit 
JNK but not Relish dependent responses. In 
addition to activating JNK and NF-κB/Relish 
signaling, the IMD pathway also induces the 
activation of the Drosophila p38 pathway, which 
requires imd protein but not TAK1 or any of the 
downstream components (Zhuang et al., 2006). 
Little is known about p38 signaling in the Drosophila 
immune response, however it does appear to play a 
critical role in regulating the ROS generating 
enzyme DOUX in the gut, thereby controlling the 
intestinal microflora (Ha et al., 2009). 
 
Microbial recognition 
 
Both the Toll and IMD pathways are stimulated 
by bacterial peptidoglycans (Leulier et al., 2003; 
Kaneko et al., 2004). In addition, the Toll pathway 
can be triggered by β-glucans, from fungal cell 
wall, or by proteases directly released from 
pathogens (Gottar et al., 2006; El Chamy et al., 
2008). Peptidoglycan (PGN) is the major structural 
component of the bacterial cell wall. PGN 
structures display a great deal of diversity, varying 
widely among different classes of bacteria. 
However, all PGNs include a carbohydrate 
backbone, usually consisting of alternating N-
acetyl-Glucosamine and N-acetyl-Muramic acid 
residues and short stem-peptides containing both L 
and D amino acids. These stem-peptides are often 
cross-linked to each other to stiffen the cell wall; 
the precise structure of these cross-linking 
structures is highly variable. The stem-peptides 
also display a great deal of variation in their amino 
acid constituents. The carbohydrate backbone is 
more constant but also can be modified by various 
chemical substitutions, such as acetylation 
(Schleifer and Kandler, 1972; Mengin-Lecreulx and 
Lemaitre, 2005) (see Fig. 3 for a diagram of PGN 
structures). 
Both the Toll and IMD pathways rely on 
peptidoglycan recognition proteins (PGRPs) for 
sensing PGNs (Table 1). This family of proteins is 
structurally similar to type 2 amidases (N-
acetylmuramyl-L-alanine amidases), a class of 
enzymes that hydrolyze the bond between the lactyl 
group in acetylmuramic acid and L-alanine in the 
stem-peptide of PGN. In fact, some PGRPs are type 
2 amidases, while others lack the catalytic cysteine 
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Figure 3 Peptidoglycan structure. (A) As shown, peptidoglycan has a common core structure with a great deal of 
inherent variation. Most notably, the constituent of the third position of the stem-peptide can vary, and are most 
commonly L-lysine or meso-DAP. In addition, the amount and exact chemical nature of the crosslinking bridges 
can vary, with some examples noted in the box below. TCT is a monomeric unit of the DAP-type peptidoglycan 
chain, and is indicated in the dashed box. (B) Structures of lysine and DAP. 
 
 
 
 
 
and instead function by binding PGN (Mellroth et al., 
2003). Drosophila encode for 13 PGRP genes, 
making about 17 distinct proteins through alternative 
splicing (Werner et al., 2000). Six of the Drosophila 
PGRPs (PGRP-SB1, -SB2, SC1a/b, SC2, -LB) are 
known or predicted type 2 amidases, that are 
involved in degrading PGN and dampening immune 
activation (Mellroth et al., 2003; Bischoff et al., 2006; 
Zaidman-Remy et al., 2006). The other seven lack 
type 2 amidase activity but function through binding 
PGN. In particular, 4 PGRPs (PGRP-SA, -SD, -LC, 
and LE) function as receptors in the IMD or Toll 
pathways, as detailed below. PGRP-LF seems to 
function as a decoy receptor, binding PGN but not 
activating immune signaling (Persson et al., 2007; 
Maillet et al., 2008), while the functions of PGRP-LA 
and -LD remain elusive (Royet and Dziarski, 2007).  
Initial studies suggested that the IMD pathway 
was activated preferentially by Gram-negative 
bacteria, which lead many to assume that LPS, the 
most potent activator of the mammalian innate 
immune response, would be the main agonist of this 
pathway (Samakovlis et al., 1990; Werner et al., 
2003). However, a careful analysis of published 
results suggested otherwise. In addition to Gram-
negatives, certain Gram-positive bacteria, e.g., 
Bacillus spp, were also IMD pathway activators 
(Lemaitre et al., 1997). Subsequently, Lemaitre’s 
group showed that diaminopimelic acid (DAP)-type 
PGN, from Escherichia coli or Bacillus thurengensis, 
activated the IMD pathway, while the Silverman 
group demonstrated that purified LPS samples were 
unable to trigger the IMD pathway, and IMD 
agonistic activity could be traced to DAP-type PGN 
(Leulier et al., 2003; Kaneko et al., 2004). Lemaitre’s 
group also showed that the Toll pathway was 
activated by PGN, but in this case lysine-type PGN 
from Gram-positives like M. luteus and E. fecalis 
was more potent. 
Following these discoveries, a great deal has 
been learned about the molecular mechanisms 
involved in detecting various types of PGN. PGRP-
SA and PGRP-SD are required for the recognition of 
PGN and the activation of Toll signaling (see below 
for more detail on the Toll pathway) (Michel et al., 
2001; Bischoff et al., 2004), while in the IMD 
pathway either of two receptors, PGRP-LC or 
PGRP-LE, are capable of recognizing DAP-type 
PGN (Gottar et al., 2002; Ramet et al., 2002; 
Kaneko et al., 2004, 2006; Takehana et al., 2004; 
Choe et al., 2005). PGN binding to either PGRP-LC 
or -LE triggers the IMD signaling pathway, described 
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Table 1 Functions and specificity of the PGRPs retrieved in D. melanogaster 
 
 
* Predicted specificity, based on the presence of Arginine residue in key position for DAP recognition. 
 
 
 
 
 
above, via a short conserved domain found in the N-
terminus of both receptors (Kaneko et al., 2006). 
This conserved signaling domain has some 
similarity to the RHIM domain found in the 
mammalian proteins RIP1, RIP3 and TRIF (Meylan 
et al., 2004). However the molecular mechanisms 
involved in signaling by the PGRP-LC/LE RHIM-like 
domain still remain to be determined. Regardless of 
the mechanisms involved, activation of these 
receptors leads to activation of both Relish cleavage 
and Relish phosphorylation. 
One key discovery, which enabled detailed 
molecular and biophysical analyses of PGRP-LC 
and PGRP-LE, was that a monomeric fragment of 
PGN from Gram-negative bacteria, known as 
Trachael Cytotoxin (TCT), potently activates the 
IMD pathway (Kaneko et al., 2004; Stenbak et al., 
2004). TCT is a disaccharide-tetrapeptide, featuring 
DAP at the third position of its stem-peptide, isolated 
from culture supernatants of B. pertussis (Fig. 3A). 
Synthetic lactyl-tetrapeptides (substructures of TCT) 
are able to serve as weak agonists of the IMD 
pathway only if they contain DAP at this third 
position, providing further demonstration that the 
DAP residue is key to triggering the IMD pathway 
(Kaneko et al., 2004). PGRP-LC and PGRP-LE 
preferentially bind DAP containing PGN (Takehana 
et al., 2002; Swaminathan et al., 2006). The crystal 
structures of both PGRP-LC and PGRP-LE bound to 
TCT have been solved and show that a key 
arginine, Arg254 in PGRP-LE, provides the critical 
DAP-specific interaction (Chang et al., 2006; Lim et 
al., 2006). Compared to lysine, DAP contains an 
additional carboxylate group (Figure 3B), and the 
guanidinium group of Arg254 forms a bidentate salt 
bridge with this moiety . In fact, this key arginine 
residue is common to all known DAP-type 
recognizing PGRPs and is found in the base of a 
deep cleft in which the PGN stem-peptide binds. In 
addition, DAP binding PGRPs also contain nearby 
glycine and tryptophan residues that are involved in 
other DAP-specific interactions (Swaminathan et al., 
2006). 
PGRP-LC and PGRP-LE are found in different 
subcellular compartments and detect microbes in 
these distinct environments. PGRP-LC is a single 
pass, type 2 transmembrane receptor that is found 
primarily on the cell surface (Kaneko et al., 2004; 
Mellroth et al., 2005). Through alternative splicing, 
PGRP-LC encodes for 3 different receptors (PGRP-
LCa, -LCx, and -LCy) each with an identical 
cytosolic domain but distinct extracellular ligand 
binding PGRP domains. On the other hand, PGRP-
LE encodes for only one protein isoform, which 
lacks a transmembrane domain and functions as a 
cytosolic receptor (Werner et al., 2000). While 
PGRP-LC is critical for recognizing extracellular 
bacteria (and extracellular PGN), PGRP-LE surveils 
the cytosol for intracellular bacteria and/or small 
fragments of PGN that enter cells (Kaneko et al., 
2006; Yano et al., 2008). RNAi-based studies 
showed that the different splice isoforms of PGRP-
LC are involved in recognizing different types of 
PGN. In particular, the recognition of polymeric 
Name Function PGN Specificity 
PGRP-SB1 Amidase DAP- type PGN 
PGRP-SB2 Amidase DAP- type PGN* 
PGRP-SC1a/b Amidase Lys/DAP- type PGN 
PGRP-SC2 Amidase DAP- type PGN* 
PGRP-LB Amidase DAP- type PGN 
PGRPSA 
SEML Receptor for Toll Signaling Lys- type PGN 
PGRP-SD Receptor for Toll Signaling DAP- type PGN 
PGRP-LC 
IRD7 Receptor for IMD Signaling DAP- type PGN 
PGRP-LE Receptor for IMD Signaling DAP- type PGN 
PGRP-LF Decoy receptor DAP- type PGN 
PGRP-LA Unknown DAP- type PGN* 
PGRP-LD Unknown DAP- type PGN* 
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PGN, as isolated from E. coli, requires only PGRP-
LCx. Moreover, PGRP-LCx mutants do not induce 
AMP genes in response to E. coli infection. 
However, the response to extracellular monomeric 
PGN (TCT) requires both PGRP-LCx and PGR-LCa, 
while intracellular TCT triggers PGRP-LE. 
The finding that polymeric and monomeric 
DAP-type PGNs trigger distinct PGRP-LC receptors 
was explained, in part, by the crystal structure of 
PGRP-LCa/x bound to TCT. As mentioned above, 
most PGRPs contain a deep cleft in which 
peptidoglycan fragments (sometimes referred to as 
muropeptides) bind. PGRP-LCa is the exception; it 
contains two unique dipeptide sequences that 
disrupt the PGN binding cleft and occlude PGN 
binding. Conversely, PGRP-LCx has a typical DAP-
type PGN binding cleft and can avidly bind TCT or 
polymeric PGN. Upon binding TCT, PGRP-LCx and 
PGRP-LCa heterodimerize (Chang et al., 2005; 
Mellroth et al., 2005). The crystal structure of this 
ligand bound dimeric complex shows that the 
carbohydrate portion of TCT makes key 
contributions to the dimerization interface, providing 
a clear explanation for the TCT-induced dimerization 
(Chang et al., 2006). It is reasonable to hypothesize 
that the ligand-induced heterodimerization of PGRP-
LCa and PGRP-LCx is critical for activation of 
downstream signaling, although this has not yet 
been demonstrated. This model of dimerization-
induced signaling does not explain how PGRP-LCx 
alone is sufficient for IMD signaling triggered by 
polymeric PGN. The crystal structures suggest that 
PGRP-LCx is unlikely to form homo-multimers upon 
binding polymeric PGN, because of a steric clash at 
the putative dimerization interface. Therefore, a 
distinct model must be proposed for signaling by 
polymeric PGN and PGRP-LCx. In this case, the 
ligand is polyvalent and likely binds to multiple 
individual PGRP-LCx receptors, perhaps creating a 
‘cluster’ of receptors, thereby generating a density of 
PGRP-LCx cytosolic domains. This clustering, per 
se, may be sufficient to activate signal transduction, 
or perhaps the intracellular domains actually form 
higher order protein-protein interactions while the 
extracellular domains remain clustered on one large 
fragment of PGN, but not in direct contact with each 
other. Future studies are required to examine these 
possibilities. 
Like the PGRP-LCa/x heterodimers, PGRP-LE 
also multimerizes upon binding TCT. However, the 
PGRP-LE-TCT complex forms very high order 
multimers in a ‘head to tail’ fashion. Like the PGRP-
LC structures, the PGRP-LE structure was solved 
with the isolated PGRP domain, and we cannot be 
certain what quaternary structure the holo-receptor 
forms upon TCT binding. However, these 
biophysical studies clearly demonstrate that TCT 
causes PGRP-LE to multimerize into large 
complexes (Lim et al., 2006). As mentioned above, 
PGRP-LE detects DAP-type PGN that enters the 
cytosol. PGN may enter the cytosol from infection 
with intracellular bacteria, like Listeria 
monocytogenes, or small PGN fragments, such as 
TCT, appear to directly enter into cells. Upon 
binding these PGNs, PGRP-LE likely forms higher 
order multimers and triggers IMD signaling. In 
addition, PGRP-LE activation can also induce an 
autophagic response that helps protect against 
intracellular microbes (Yano et al., 2008). The role 
of ligand-induced receptor multimerization in the 
activation of IMD signaling pathway, via PGRP-LCs 
and PGRP-LE, requires further study. As mentioned 
above, these receptors signal through a RHIM-like 
domain in their N-terminal domains. The mechanism 
by which the RHIM-like domain functions in the 
context of dimerized, multimerized or clustered 
PGRP receptors is unknown. 
 
Toll activation by PGN and beyond 
 
Unlike the IMD pathway, which is activated in a 
fairly specific manner by DAP-type PGN, Toll 
activation occurs indirectly by a wider array of 
immune stimuli. Toll functions more like a cytokine 
receptor, binding a processed form of the cytokine 
Spätzle, a member of the cysteine knot family of 
growth factors and cytokines (Weber et al., 2003; 
Hu et al., 2004; Hoffmann et al., 2008). Spätzle is 
made as a pro-protein that is found circulating in the 
hemolymph. Upon immune activation (or 
developmental cues), serine protease cascades are 
triggered that culminate in the cleavage of Spätzle. 
Once processed, mature Spätzle binds to and 
dimerizes the transmembrane receptor Toll, 
initiating the intracellular signaling pathway 
described above. Four different serine protease 
cascades appear to converge on the cleavage of 
Spätzle. In early development, the protease Easter 
is responsible for cleaving Spätzle. During the 
immune response, bacterial PGN, fungal β-glucans, 
and microbial proteases are sensed by three distinct 
mechanisms, but converge upon activation of one 
serine protease, known as the Spätzle processing 
enzyme (SPE), which in turn cleaves and activates 
Spätzle (Fig. 1). 
The serine protease Persephone appears to 
function as a sensor for proteases secreted by both 
fungal and bacterial pathogens (Gottar et al., 2006; 
El Chamy et al., 2008). Persephone is likely 
activated by cleavage after a histidine residue, 
unlike the other proteases involved in the Toll 
signaling pathways, and maybe a good target for 
subtilisin-like proteases produced by microbial 
pathogens (El Chamy et al., 2008). The activation of 
the Persephone-Toll pathway by microbial 
proteases occurs independently of recognition of 
microbial cell wall material, which can also stimulate 
the Toll pathway through more classical receptor-
mediated recognition. 
For example, β-glucans from the cell wall of 
yeast are recognized by Gram-negative binding 
protein 3 (GNBP3) (Gottar et al., 2006), while two 
secreted PGRP receptors and GNBP1 are involved 
together in PGN recognition (Gobert et al., 2003; 
Bischoff et al., 2004; Wang et al., 2006, 2008). 
[Despite their name, none of the GNBPs have been 
linked to the response to Gram-negative bacteria, 
but GNBP1 and GNPB3 are involved in the 
recognition of fungal or Gram-positive bacterial cell 
walls]. The N-terminus of GNBP3 binds to long β-
1,3 glucans, common to the cell walls of many types 
of fungi, especially yeast (Mishima et al., 2009). 
GNBP1, on the other hand, is involved in PGN 
recognition, although its role is controversial. 
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Lysine-type PGNs, common to many Gram-
positive bacteria, are potent agonist of the Toll 
pathway. As in the IMD pathway, PGRP receptors 
are critical for the recognition of lysine-type PGN. In 
particular, two secreted PGRPs, PGRP-SA and -SD, 
are involved in the Toll pathway. Genetic studies 
have shown that some Gram-positive bacteria and 
the PGN from these same species, such as M. 
luteus, are sensed through PGRP-SA (Michel et al., 
2001). In fact, the structure of PGRP-SA bound to a 
lysine-containing muropeptide has been solved. 
PGRP-SA can also bind DAP-type PGN, albeit to a 
lesser degree. However, PGRP-SA appears to be 
able to specifically cleave DAP-type muropeptides, 
removing the final amino acid in the stem-peptide. It 
has been postulated that this carboxypeptidase 
activity prevents DAP-type PGN from stimulating the 
Toll pathway via PGRP-SA (Chang et al., 2004). 
Interestingly, not all lysine-type PGN requires 
PGRP-SA to trigger the Toll pathway. In particular, 
Staphylococcus aureus, Enterococcus faecalis, 
Streptococcus pyogenes, and Staphylococcus 
saprophyticus infections still produce strong AMP 
gene responses in PGRP-SA mutant (seml) flies. 
Response to these bacteria or their PGNs instead 
requires either PGRP-SA or PGRP-SD (Bischoff et 
al., 2004). The mechanism of PGRP-SD-mediated 
recognition of some, but not all, lysine-type PGN 
producing bacteria remains unclear. One possibility 
is a structural difference common to those PGNs 
sensed by PGRP-SD, which prevents detection by 
PGRP-SA, or vice versa. However, biochemical 
studies of PGRP-SD do not support the notion that it 
is involved in recognizing lysine-type PGN. 
Crystallographic studies show that PGRP-SD has a 
deep PGN binding cleft, typical of all PGRPs, and 
this binding cleft includes an arginine (Arg90) in the 
key position typical of DAP-PGN specific 
recognition. In fact, binding studies confirm that 
PGRP-SD binds DAP-type PGN, from B. subtilis, 
but not Lys-type from S. aureus (Leone et al., 2008). 
In addition, the moderate induction of drosomycin 
observed following either B. subtilis or E. coli 
infection, which is Toll dependent (Leulier et al., 
2003), required both PGRP-SA and PGRP-SD. So, 
somehow PGRP-SA and PGRP-SD function 
together in the recognition of DAP-type PGN, for 
moderate Toll induction, but function in a more 
redundant manner for the recognition of certain Lys-
type PGN, for robust Toll induction. However, the 
recognition of M. luteus PGN appears to more 
simply require only PGRP-SA. The molecular 
mechanisms involved in the recognition of various 
PGNs by PGRP-SA and/or PGRP-SD remain to be 
determined. 
As mentioned above, GNBP1 also functions in 
PGN recognition and Toll signaling. In fact, PGRP-
SA, -SD, and GNBP1 form a trimeric complex 
together in the presence of PGN fragments (Wang 
et al., 2008). Some groups have reported that 
GNBP1 provides a critical PGN processing activity 
to this complex, required to generate small PGN 
fragments which are bound by PGRP-SA and/or 
PGRP-SD for Toll activation (Filipe et al., 2005; 
Wang et al., 2006). However, another group has 
reported that they do not observe a similar PGN 
digesting activity associated with GNBP1, in 
Drosophila or Tenebrio molitor (Buchon et al., 
2009). Instead, this group proposes that GNBP1 
serves to link the PGRPs with the downstream 
serine protease cascade, described below. Thus, it 
appears that GNBP1 functions in a complex with the 
PGN sensing receptors PGRP-SA and PGRP-SD, 
but the biochemical mechanism by which it 
contributes to immune recognition or Toll signaling 
are not yet clear. 
Both the GNBP3-mediated recognition of β-
glucans and the PGRP-SA/SD/GNBP1-mediated 
recognition of bacterial PGNs trigger Toll signaling 
through the same serine protease cascade. This 
cascade involves the modular serine protease 
(ModSP), which is probably directly activated by 
these microbial sensing receptor complexes, and at 
least two downstream CLIP-domain serine 
proteases - Grass and SPE. As mentioned above, 
SPE cleaves and thereby activates Spätzle, the 
ligand for Toll. Another protease, known as Spirit 
may function between Grass and SPE, and other 
non-catalytic serine-protease homologs, Sphinx 1/2 
and Spheroide, were also implicated this pathway 
by RNAi based studies (Kambris et al., 2006). 
However, the assignment of these factors to this 
pathway requires further genetic and biochemical 
characterization. The pathways presented in Fig. 1 
suggest a protease cascade that is consistent with 
the genetic analysis of mutants in Drosophila and 
the biochemical analysis of the cascade from the 
hemolymph of Tenebrio. However, biochemistry of 
the Drosophila serine protease cascade still requires 
further study, as several issues remain unresolved, 
including the role of Spirit. In addition, the predicted 
specificity of the Drosophila ModSP does not match 
the predicted cleavage site of the downstream 
serine protease Grass, and ModSP does not cleave 
Grass in vitro (Buchon et al., 2009). Thus, it remains 
possible that other factors may be involved. 
Currently, it is not clear how (or even if) PGN 
binding to PGRP-SA/SD/GNBP1 leads to the 
activation of ModSP, and, as mentioned above the 
exact biochemical role of GNBP1 remains 
controversial. 
 
Concluding remarks 
 
The goal of this review is to summarize recent 
work on the Toll and IMD pathways, two important 
innate immune signaling pathways in Drosophila, 
with an emphasis on the molecular mechanisms 
involved in microbial recognition in this model 
system. This review is not meant to be a 
comprehensive analysis of all aspect of the insect 
immune response. Notably, many very exciting 
studies have been published recently on 
phagocytosis, anti-viral immunity, melanization and 
clotting - all topics not covered here. Instead, 
significant detail is presented on the biochemistry 
and genetics of bacterial recognition by the PGRP 
family of innate immune receptors. Over the past 5 
years, much progress been made in this area, and 
the basic underpinnings of how bacteria are 
recognized by PGRGP receptors, which bind the 
bacterial cell-wall derived compound peptidoglycan, 
has been resolved. In addition, the preferential 
binding of DAP-type PGN by some of these 
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receptors, notably PGRP-LC and PGRP-LE, 
provides a firm explanation on the specific activation 
of the IMD pathway by Gram-negative and certain 
Gram-positive bacteria. However, the specificity, or 
lack thereof, in activating the Toll pathway by 
different types of peptidoglycans still requires further 
investigation. Moreover, in both IMD and Toll 
signaling, it remains unclear how peptidoglycan 
binding by these PGRP receptors leads to the 
activation of downstream signaling events. These 
questions will be the focus of future study. 
 
References 
Bischoff V, Vignal C, Boneca IG, Michel T, 
Hoffmann, JA, Royet J. Function of the 
Drosophila pattern-recognition receptor PGRP-
SD in the detection of Gram-positive bacteria. 
Nat. Immunol. 5: 1175-1180, 2004. 
Bischoff V, Vignal C, Duvic B, Boneca IG, Hoffmann 
JA, Royet J. Downregulation of the Drosophila 
immune response by peptidoglycan-recognition 
proteins SC1 and SC2. PLoS Pathog 2, e14, 
2006. 
Buchon N, Poidevin M, Kwon HM, Guillou A, Sottas 
V, Lee BL, et al. A single modular serine 
protease integrates signals from pattern-
recognition receptors upstream of the 
Drosophila Toll pathway. Proc. Natl. Acad. Sci. 
USA 106: 12442-12447, 2009. 
Chang CI, Ihara K, Chelliah Y, Mengin-Lecreulx D, 
Wakatsuki S, Deisenhofer J. Structure of the 
ectodomain of Drosophila peptidoglycan-
recognition protein LCa suggests a molecular 
mechanism for pattern recognition. Proc. Natl. 
Acad. Sci. USA 102: 10279-10284, 2005. 
Chang CI, Pili-Floury SS, Herve M, Parquet C, 
Chelliah Y, Lemaitre B, et al. A Drosophila 
pattern recognition receptor contains a 
peptidoglycan docking groove and unusual l,d-
carboxypeptidase activity. PLoS Biol 2, E277, 
2004. 
Chang CI, Chelliah Y, Borek D, Mengin-Lecreulx D, 
Deisenhofer J. Structure of tracheal cytotoxin in 
complex with a heterodimeric pattern-
recognition receptor. Science 311: 1761-1764, 
2006. 
Charatsi I, Luschnig S, Bartoszewski S, Nusslein-
Volhard C, Moussian B. Krapfen/dMyd88 is 
required for the establishment of dorsoventral 
pattern in the Drosophila embryo. Mech. Dev. 
120: 219-226, 2003. 
Chen W, White MA, Cobb MH. Stimulus-specific 
requirements for MAP3 kinases in activating the 
JNK pathway. J. Biol. Chem. 277: 49105-
49110, 2002. 
Choe KM, Lee H, Anderson KV. Drosophila 
peptidoglycan recognition protein LC (PGRP-
LC) acts as a signal-transducing innate immune 
receptor. Proc. Natl. Acad. Sci. USA 102: 1122-
1126, 2005. 
De Gregorio E, Spellman PT, Rubin GM, Lemaitre 
B. Genome-wide analysis of the Drosophila 
immune response by using oligonucleotide 
microarrays. Proc. Natl. Acad. Sci. USA 98: 
12590-12595, 2001. 
De Gregorio E, Spellman PT, Tzou P, Rubin GM, 
Lemaitre B. The Toll and Imd pathways are the 
major regulators of the immune response in 
Drosophila. EMBO J. 21: 2568-2579, 2002. 
Delaney JR, Stoven S, Uvell H, Anderson KV, 
Engstrom Y, Mlodzik M. Cooperative control of 
Drosophila immune responses by the JNK and 
NF-kappaB signaling pathways. EMBO J. 25: 
3068-3077, 2006. 
Drier EA, Govind S, Steward R. Cactus-independent 
regulation of Dorsal nuclear import by the 
ventral signal. Curr. Biol. 10: 23-26, 2000. 
Drier EA, Huang LH, Steward R. Nuclear import of 
the Drosophila Rel protein Dorsal is regulated 
by phosphorylation. Genes Dev. 13: 556-56, 
1999. 
El Chamy L, Leclerc V, Caldelari I, Reichhart JM. 
Sensing of 'danger signals' and pathogen-
associated molecular patterns defines binary 
signaling pathways 'upstream' of Toll. Nat. 
Immunol. 9: 1165-1170, 2008. 
Erturk-Hasdemir D, Broemer M, Leulier F, Lane WS, 
Paquette N, Hwang D, et al. Two roles for the 
Drosophila IKK complex in the activation of 
Relish and the induction of antimicrobial peptide 
genes. Proc. Natl. Acad. Sci. USA 106: 9779-
9784, 2009. 
Fernandez NQ, Grosshans J, Goltz JS, Stein D. 
Separable and redundant regulatory 
determinants in Cactus mediate its dorsal group 
dependent degradation. Development 128: 
2963-2974, 2001. 
Filipe SR, Tomasz A, Ligoxygakis P. Requirements 
of peptidoglycan structure that allow detection 
by the Drosophila Toll pathway. EMBO Rep. 6: 
327-333, 2005. 
Georgel P, Naitza S, Kappler C, Ferrandon D, 
Zachary D, Swimmer C, et al. Drosophila 
immune deficiency (IMD) is a death domain 
protein that activates antibacterial defense and 
can promote apoptosis. Dev. Cell 1: 503-514, 
2001. 
Gobert V, Gottar M, Matskevich AA, Rutschmann S, 
Royet J, Belvin M, et al. Dual activation of the 
Drosophila Toll pathway by two pattern 
recognition receptors. Science 302: 2126-2130, 
2003. 
Goto A, Matsushita K, Gesellchen V, El Chamy L, 
Kuttenkeuler D, Takeuchi, et al. Akirins are 
highly conserved nuclear proteins required for 
NF-kappaB-dependent gene expression in 
drosophila and mice. Nat. Immunol. 9: 97-104, 
2008. 
Gottar M, Gobert V, Matskevich AA, Reichhart JM, 
Wang C, Butt TM, et al. Dual detection of fungal 
infections in Drosophila via recognition of 
glucans and sensing of virulence factors. Cell 
127: 1425-1437, 2006. 
Gottar M, Gobert V, Michel T, Belvin M, Duyk G, 
Hoffmann JA, et al. The Drosophila immune 
response against Gram-negative bacteria is 
mediated by a peptidoglycan recognition 
protein. Nature 416: 640-644, 2002. 
Ha EM, Lee KA, Seo YY, Kim SH, Lim JH, Oh BH, 
et al. Coordination of multiple dual oxidase-
regulatory pathways in responses to 
commensal and infectious microbes in 
drosophila gut. Nat. Immunol. 10: 949-957, 
2009. 
171 
Hoffmann A, Neumann P, Schierhorn A, Stubbs MT. 
Crystallization of Spatzle, a cystine-knot protein 
involved in embryonic development and innate 
immunity in Drosophila melanogaster. Acta 
Crystallogr. Sect. F Struct. Biol. Cryst. 
Commun. 64: 707-710, 2008. 
Holland PM, Suzanne M, Campbell JS, Noselli S, 
Cooper JA. MKK7 is a stress-activated 
mitogen-activated protein kinase kinase 
functionally related to hemipterous. J. Biol. 
Chem. 272: 24994-24998, 1997. 
Hu X, Yagi Y, Tanji T, Zhou S, Ip YT. 
Multimerization and interaction of Toll and 
Spatzle in Drosophila. Proc. Natl. Acad. Sci. 
USA 101: 9369-9374, 2004. 
Huh JR, Foe I, Muro I, Chen CH, Seol JH, Yoo SJ, 
et al. The Drosophila inhibitor of apoptosis (IAP) 
DIAP2 is dispensable for cell survival, required 
for the innate immune response to Gram-
negative bacterial infection, and can be 
negatively regulated by the reaper/hid/grim 
family of IAP-binding apoptosis inducers. J. 
Biol. Chem. 282: 2056-2068, 2007. 
Irving P, Troxler L, Heuer TS, Belvin M, Kopczynski 
C, Reichhart JM, et al. A genome-wide analysis 
of immune responses in Drosophila. Proc. Natl. 
Acad. Sci. USA 98: 15119-15124, 2001. 
Kambris Z, Bilak H, D'Alessandro R, Belvin M, Imler 
JL, Capovilla M. DmMyD88 controls 
dorsoventral patterning of the Drosophila 
embryo. EMBO Rep. 4: 64-69, 2003. 
Kambris Z, Brun S, Jang IH, Nam HJ, Romeo Y, 
Takahashi K, et al. Drosophila immunity: a 
large-scale in vivo RNAi screen identifies five 
serine proteases required for Toll activation. 
Curr. Biol. 16: 808-813, 2006. 
Kaneko T, Goldman WE, Mellroth P, Steiner H, 
Fukase K, Kusumoto S, et al. Monomeric and 
Polymeric Gram-Negative Peptidoglycan but 
Not Purified LPS Stimulate the Drosophila IMD 
Pathway. Immunity 20: 637-649, 2004. 
Kaneko T, Yano T, Aggarwal K, Lim JH, Ueda K, 
Oshima, Y, et al. PGRP-LC and PGRP-LE have 
essential yet distinct functions in the drosophila 
immune response to monomeric DAP-type 
peptidoglycan. Nat. Immunol. 7: 715-723, 2006. 
Kim LK, Choi UY, Cho HS, Lee JS, Lee WB, Kim J, 
et al. Down-regulation of NF-kappaB target 
genes by the AP-1 and STAT complex during 
the innate immune response in Drosophila. 
PLoS Biol 5, e238, 2007. 
Kim T, Yoon J, Cho H, Lee WB, Kim J, Song YH, et 
al. Downregulation of lipopolysaccharide 
response in Drosophila by negative crosstalk 
between the AP1 and NF-kappaB signaling 
modules. Nat. Immunol. 6: 211-218, 2005. 
Kleino A, Valanne S, Ulvila J, Kallio J, Myllymaki H, 
Enwald H, et al. Inhibitor of apoptosis 2 and 
TAK1-binding protein are components of the 
Drosophila Imd pathway. EMBO J. 24: 3423-
3434, 2005. 
Lee JY, Boman A, Sun CX, Andersson M, Jornvall 
H, Mutt V, et al. Antibacterial peptides from pig 
intestine: isolation of a mammalian cecropin. 
Proc. Natl. Acad. Sci. USA 86: 9159-9162, 
1989. 
Lemaitre B, Hoffmann J. The Host Defense of 
Drosophila melanogaster. Annu. Rev. Immunol. 
25: 697-743, 2007. 
Lemaitre B, Reichhart JM, Hoffmann JA. Drosophila 
host defense: differential induction of 
antimicrobial peptide genes after infection by 
various classes of microorganisms. Proc. Natl. 
Acad. Sci. USA 94: 14614-14619, 1997. 
Leone P, Bischoff V, Kellenberger C, Hetru C, Royet 
J, Roussel A. Crystal structure of Drosophila 
PGRP-SD suggests binding to DAP-type but 
not lysine-type peptidoglycan. Mol. Immunol. 
45: 2521-2530, 2008. 
Leulier F, Lhocine N, Lemaitre B, Meier P. The 
Drosophila inhibitor of apoptosis protein DIAP2 
functions in innate immunity and is essential to 
resist gram-negative bacterial infection. Mol. 
Cell. Biol. 26: 7821-7831, 2006. 
Leulier F, Parquet C, Pili-Floury S, Ryu JH, Caroff, 
M, Lee WJ, et al. The Drosophila immune 
system detects bacteria through specific 
peptidoglycan recognition. Nat. Immunol. 4: 
478-484, 2003. 
Leulier F, Rodriguez A, Khush RS, Abrams JM, 
Lemaitre B. The Drosophila caspase Dredd is 
required to resist Gram-negative bacterial 
infection. EMBO Rep. 1: 353-358, 2000. 
Leulier F, Vidal S, Saigo K, Ueda R, Lemaitre B. 
Inducible expression of double-stranded RNA 
reveals a role for dFADD in the regulation of the 
antibacterial response in Drosophila adults. 
Curr. Biol. 12: 996-1000, 2002. 
Lim JH, Kim MS, Kim HE, Yano T, Oshima Y, 
Aggarwal K, et al. Structural basis for 
preferential recognition of diaminopimelic acid-
type peptidoglycan by a subset of 
peptidoglycan recognition proteins. J. Biol. 
Chem. 281: 8286-8295, 2006. 
Lu Y, Wu LP, Anderson KV. The antibacterial arm of 
the drosophila innate immune response 
requires an IkappaB kinase. Genes Dev. 15: 
104-110, 2001. 
Maillet F, Bischoff V, Vignal C, Hoffmann J, Royet, 
J. The Drosophila peptidoglycan recognition 
protein PGRP-LF blocks PGRP-LC and 
IMD/JNK pathway activation. Cell Host Microbe 
3: 293-303, 2008. 
Matova N, Anderson KV. Rel/NF-kappaB double 
mutants reveal that cellular immunity is central 
to Drosophila host defense. Proc. Natl. Acad. 
Sci. USA 103: 16424-16429, 2006. 
Mellroth P, Karlsson J, Hakansson J, Schultz N, 
Goldman WE, Steiner H. Ligand-induced 
dimerization of Drosophila peptidoglycan 
recognition proteins in vitro. Proc. Natl. Acad. 
Sci. USA 102: 6455-6460, 2005. 
Mellroth P, Karlsson J, Steiner H. A scavenger 
function for a Drosophila peptidoglycan 
recognition protein. J. Biol. Chem. 278: 7059-
7064, 2003. 
Meng X, Khanuja BS, Ip YT. Toll receptor-mediated 
Drosophila immune response requires Dif, an 
NF-kB factor. Genes Dev. 13: 792-797, 1999. 
Mengin-Lecreulx D, Lemaitre B. Structure and 
metabolism of peptidoglycan and molecular 
requirements allowing its detection by the 
172 
Drosophila innate immune system. J. Endotoxin 
Res. 11: 105-111, 2005. 
Meylan E, Burns K, Hofmann K, Blancheteau V, 
Martinon F, Kelliher M, et al. RIP1 is an 
essential mediator of Toll-like receptor 3-
induced NF-kappa B activation. Nat. Immunol. 
5: 503-507, 2004. 
Michel T, Reichhart JM, Hoffmann, JA, Royet J. 
Drosophila Toll is activated by Gram-positive 
bacteria through a circulating peptidoglycan 
recognition protein. Nature 414: 756-759, 2001. 
Mishima Y, Quintin J, Aimanianda, V, Kellenberger 
C, Coste F, Clavaud C, et al. The N-terminal 
domain of Drosophila Gram-negative binding 
protein 3 (GNBP3) defines a novel family of 
fungal pattern recognition receptors. J. Biol. 
Chem. 284: 28687-28697, 2009. 
Naitza S, Rosse C, Kappler C, Georgel P, Belvin M, 
Gubb D, et al. The Drosophila immune defense 
against gram-negative infection requires the 
death protein dFADD. Immunity 17: 575-581, 
2002. 
Park JM, Brady H, Ruocco MG, Sun H, Williams D, 
Lee SJ, et al. Targeting of TAK1 by the NF-
kappa B protein Relish regulates the JNK-
mediated immune response in Drosophila. 
Genes Dev. 18: 584-594, 2004. 
Persson C, Oldenvi S, Steiner H. Peptidoglycan 
recognition protein LF: a negative regulator of 
Drosophila immunity. Insect Biochem. Mol. Biol. 
37: 1309-1316, 2007. 
Qiu P, Pan PC, Govind S. A role for the Drosophila 
Toll/Cactus pathway in larval hematopoiesis. 
Development 125, 1909-1920, 1998. 
Ramet M, Manfruelli P, Pearson A, Mathey-Prevot 
B, Ezekowitz RA. Functional genomic analysis 
of phagocytosis and identification of a 
Drosophila receptor for E. coli. Nature 416: 644-
648, 2002. 
Royet J, Dziarski R. Peptidoglycan recognition 
proteins: pleiotropic sensors and effectors of 
antimicrobial defences. Nat. Rev. Microbiol. 5: 
264-277, 2007. 
Rutschmann S, Jung AC, Hetru C, Reichhart JM, 
Hoffmann JA, Ferrandon D. The Rel protein DIF 
mediates the antifungal but not the antibacterial 
host defense in Drosophila. Immunity 12: 569-
580, 2000a. 
Rutschmann S, Jung AC, Zhou R, Silverman N, 
Hoffmann JA, Ferrandon D. Role of Drosophila 
IKK gamma in a toll-independent antibacterial 
immune response. Nat. Immunol. 1: 342-347, 
2000b. 
Samakovlis C, Kimbrell DA, Kylsten P, Engstrom A, 
Hultmark D. The immune response in 
Drosophila: pattern of cecropin expression and 
biological activity. EMBO J. 9: 2969-2976, 
1990. 
Schleifer KH, Kandler O. Peptidoglycan types of 
bacterial cell walls and their taxonomic 
implications. Bacteriol. Rev. 36: 407-477, 
1972. 
Silverman N, Zhou R, Stöven S, Pandey N, 
Hultmark D, Maniatis T. A Drosophila IkappaB 
kinase complex required for Relish cleavage 
and antibacterial immunity. Genes Dev. 14: 
2461-2471, 2000. 
Simon A, Kullberg BJ, Tripet B, Boerman OC, 
Zeeuwen P, van der Ven-Jongekrijg J, et al. 
Drosomycin-like defensin, a human homologue 
of Drosophila melanogaster drosomycin with 
antifungal activity. Antimicrob. Agents 
Chemother. 52: 1407-1412, 2008. 
Skaug B, Jiang X, Chen ZJ. The role of ubiquitin in 
NF-kappaB regulatory pathways. Annu. Rev. 
Biochem. 78: 769-796, 2009. 
Sluss HK, Han Z, Barrett T, Davis RJ, Ip YT. A 
JNK signal transduction pathway that 
mediates morphogenesis and an immune 
response in Drosophila. Genes Dev. 10: 2745-
2758, 1996. 
Stein D, Goltz JS, Jurcsak J, Stevens L. The 
Dorsal-related immunity factor (Dif) can define 
the dorsal-ventral axis of polarity in the 
Drosophila embryo. Development 125: 2159-
2169, 1998. 
Stenbak CR, Ryu JH, Leulier F, Pili-Floury S, 
Parquet C, Herve M, et al. Peptidoglycan 
molecular requirements allowing detection by 
the Drosophila immune deficiency pathway. J. 
Immunol. 173: 7339-7348, 2004. 
Stöven S, Ando I, Kadalayil L, Engström Y, 
Hultmark D. Activation of the Drosophila NF-kB 
factor Relish by rapid endoproteolytic cleavage. 
EMBO Rep. 1: 347-352, 2000. 
Stöven S, Silverman N, Junell A, Hedengren-Olcott 
M, Erturk D, Engstrom Y, et al. Caspase-
mediated processing of the Drosophila NF-
{kappa}B factor Relish. Proc. Natl. Acad. Sci. 
USA 100: 5991-5996, 2003. 
Sun H, Towb P, Chiem DN, Foster BA, Wasserman 
SA. Regulated assembly of the Toll signaling 
complex drives Drosophila dorsoventral 
patterning. EMBO J. 23: 100-110, 2004. 
Sun H, Bristow BN, Qu G, Wasserman SA. A 
heterotrimeric death domain complex in Toll 
signaling. Proc. Natl. Acad. Sci. USA 99: 
12871-12876, 2002. 
Swaminathan CP, Brown PH, Roychowdhury A, 
Wang Q, Guan R, Silverman N, et al. Dual 
strategies for peptidoglycan discrimination by 
peptidoglycan recognition proteins (PGRPs). 
Proc. Natl. Acad. Sci. USA 103, 684-689, 
2006. 
Takehana A, Katsuyama T, Yano T, Oshima Y, 
Takada H, Aigaki T, et al. Overexpression of a 
pattern-recognition receptor, peptidoglycan-
recognition protein-LE, activates imd/relish-
mediated antibacterial defense and the 
prophenoloxidase cascade in Drosophila 
larvae. Proc. Natl. Acad. Sci. USA 99: 13705-
13710, 2002. 
Takehana A, Yano T, Mita S, Kotani A, Oshima Y, 
Kurata S. Peptidoglycan Recognition Protein 
(PGRP)-LE and PGRP-LC act synergistically in 
Drosophila immunity. EMBO J. 23: 4690-4700, 
2004. 
Tauszig-Delamasure S, Bilak H, Capovilla M, 
Hoffmann JA, Imler JL. Drosophila MyD88 is 
required for the response to fungal and Gram-
positive bacterial infections. Nat. Immunol. 3: 
91-97, 2002. 
Towb P, Galindo RL, Wasserman SA. Recruitment 
of Tube and Pelle to signaling sites at the 
173 
surface of the Drosophila embryo. Development 
125: 2443-2450, 1998. 
Tsuda M, Langmann C, Harden N, Aigaki T. The 
RING-finger scaffold protein Plenty of SH3s 
targets TAK1 to control immunity signalling in 
Drosophila. EMBO Rep. 6: 1082-1087, 2005. 
Wang L, Gilbert RJ, Atilano ML, Filipe SR, Gay NJ, 
Ligoxygakis P. Peptidoglycan recognition 
protein-SD provides versatility of receptor 
formation in Drosophila immunity. Proc Natl 
Acad Sci USA 105: 11881-11886, 2008. 
Wang L, Weber AN, Atilano ML, Filipe SR, Gay NJ, 
Ligoxygakis P. Sensing of Gram-positive 
bacteria in Drosophila: GNBP1 is needed to 
process and present peptidoglycan to PGRP-
SA. EMBO J. 25: 5005-5014, 2006. 
Weber AN, Tauszig-Delamasure, S, Hoffmann JA, 
Lelievre E, Gascan H, Ray KP, et al. Binding of 
the Drosophila cytokine Spatzle to Toll is direct 
and establishes signaling. Nat. Immunol. 4: 
794-800, 2003. 
Werner T, Borge-Renberg K, Mellroth P, Steiner H, 
Hultmark D. Functional diversity of the 
Drosophila PGRP-LC gene cluster in the 
response to lipopolysaccharide and 
peptidoglycan. J. Biol. Chem. 278: 26319-
26322, 2003. 
Werner T, Liu G, Kang D, Ekengren S, Steiner H, 
Hultmark D. A family of peptidoglycan 
recognition proteins in the fruit fly Drosophila 
melanogaster. Proc. Natl. Acad. Sci. USA 97: 
13772-13777, 2000. 
Yano T, Mita S, Ohmori H, Oshima Y, Fujimoto Y, 
Ueda R, et al. Autophagic control of listeria 
through intracellular innate immune recognition 
in drosophila. Nat. Immunol. 9: 908-916, 2008. 
Zaidman-Remy A, Herve M, Poidevin M, Pili-Floury 
S, Kim MS, Blanot, D, et al. The Drosophila 
amidase PGRP-LB modulates the immune 
response to bacterial infection. Immunity 24: 
463-473, 2006. 
Zhou R, Silverman N, Hong M, Liao DS, Chung Y, 
Chen ZJ, et al. The role of ubiquitnation in 
Drosophila innate immunity. J. Biol. Chem. 280: 
34048-34055, 2005. 
Zhuang ZH, Zhou Y, Yu MC, Silverman N, Ge BX. 
Regulation of Drosophila p38 activation by 
specific MAP2 kinase and MAP3 kinase in 
response to different stimuli. Cell Signal.18: 
441-448, 2006. 
 
174 
